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ABSTRACT 

High-resolution spectroscopic observations of the rapidly rotating S Scuti star 7 Bootis 
have been carried out on 2005, over 6 consecutive nights, in order to search for line- 
profile variability. Time series, consisting of flux measurements at each wavelength bin 
across the Tin 4571. 917A line profile as a function of time, have been Fouri e r ana lyzed. 

The results confirm the early detection reported by iKennellv et al.l (|1992| ) of a 
dominant periodic component at frequency 21.28 c/d in the observer's frame, probably 
due to a high azimuthal order sectorial mode. Moreover, we found other periodicities 
at 5.06 c/d, 12.09 c/d, probably present but not secure, and at 11.70 c/d and 18.09 c/d, 
uncertain. The latter frequency, if present, should be identifiable as another high 
azimuthal order sectorial mode and three additional terms, probably due to low-Z 
modes, as proved by the analysis of the first three moments of the line. Owing to the 
short time baseline and the one-site temporal sampling we consider our results only 
preliminary but encouraging for a more extensive multisite campaign. 

A refinement of the atmospheric physical parameters of the star has been obtained 
from our spectroscopic data and adopted for preliminary computations of evolutionary 
models of 7 Bootis. 

Key words: stars: individual: 7 Bootis - HD127762 - stars: variables: S Scuti - stars: 
oscillations 



1 INTRODUCTION 

S Scuti stars are typically population I, A and F main- 
sequence or slightly post-main-sequence variables of mass 
M — 1.4— 3.OM0 , either in a stage of H-core or H-shell burn- 
ing, with projected rotational velocity vsini in the range of 
10 — 200 km/s. They are located in the lower part of the clas- 
sical instability strip where the k mechanism is expected to 
drive radial and non-radial p modes, modes with mixed p 
and g character and possibly also g modes. Many of these 
variables are observed to be low-amplitude, multi-mode pul- 
sators with power spectra sufficiently rich to allow an aster- 
oseismological investigation. 

Photometry of 6 Scuti stars has allowed t o identify low- 
deg ree (I ^ 3), lo w-order (n ^ 7) p modes (see iGarriddbOOcI 
an d |Porettl2000l for exhaustive reviews) , while additional in- 
formation came from spectroscopic studies which have con- 
firmed th e presence of high -degree non-radial modes with I 
up to 20 (|Mantegazzall200(]| ') in moderate or fast rotators. 

In these stars pulsation modes of high degree mani- 



fest themselves as cyclical line-profile variability character- 
ized by the appearance of weak (less than 1% of contin- 
uum) absorption moving bumps travelling across the rota- 
tionally broadened profiles from side to side. Rapid rota- 
tion enhances the visibility of high-degree modes because 
it allows to spatially resolve the wave pattern of the photo- 
spheric velocity fields across the stellar disk, leading to a one- 
to-one correspondence between wavelength in the broaded 
line profile and position on the stellar surface (the so-called 
Doppler imaging). Adjacent velocity fields of opposite sign, 
traveling around the star due to rotation, produce opposite 
Doppler shifts, effectively causing a re-distribution of the 
flux across the rotationally broadened line profile and then 
the a ppearance of character istic absorption moving distor- 
tions (|Vort fc Penrodlll983l ). The apparent period of vari- 
ations is the time for the pattern to repeat itself and it is 
related to both the phase velocity of the wave and the rota- 
tional velocity of the star. 

Moving bumps in 5 S cuti stars were first observed by 
lYang fc Walked (|l986l ) and I Walker et all (|l987l ). From then 
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Table 1. Observation log of 7Bootis spectroscopy 



Table 2. Parameters of 7Bootis 



Heliocentric Julian Date ST 

(2450000+) (hours) 

3543.31958 6.28 

3544.37164 3.77 

3545.31669 6.44 

3546.33466 5.56 

3547.31994 5.83 

3548.31679 5.62 



Number of spectra 

67 
43 
71 
59 
65 
62 



on, the number of rapidly rotating S Scuti stars showing 
high-degree modes has increased progressively thanks both 
to the improvements in spectroscopic techniques and theo- 
retical developments which have triggered an extensive mon- 
itoring of stars suspected to be non-ra dial p ulsators. To 
date, 16 6 Scuti hig h-de gree pulsators (se e iManteg azza 20_0_0 , 
iBalona et al.ll200j and lKoen et al]l2002l ) have been studied 
in detail for line-profile variability. 

Among these stars, 7Bootis (HD127762, A7III) is a 
bright (V = 3), rapidly rotating 5 Scuti star that belongs to 
a transition group located between the main-sequence vari- 
ables and the Cepheids. Photometric varia tions with a pe- 
riod o f P = 0.25 days have been reported bv lAuvergne et ahl 
l| 19791 ). This star is among th e few 5 Scuti stars wit h a pe- 
riod longer than 0.20 days (see lRodrfguez et al.ll2000l ). Line- 
profile variations i n the spectra of the s tar were detected 
for the first time bv lKennellv et al.1 (Il992l ). The authors col- 
lected a total of 29 spectrograms, at a time cadence of about 
10 min, in two different periods, three months apart, cov- 
ering a total observing time of about 5 hours. They ana- 
lyzed the data by sampling at 1.5 A intervals the intensity 
of the residuals built by subtracting the mean profile from 
each profile in the series, and then computing the ampli- 
tude spectra in the Fourier domain. A period of variation in 
moving distortions of 0.047 ± 0.002 days was found and in- 
terpreted as a high-degree {\m\ ~ 10) non-radial mode with 
a period of 0.073 days in the corotating frame. The series 
were not long enough to cov er a full cycle of the kno wn pho- 
tometric period repor ted by lAuvergne et al.l l| 19791) so that 
iKennellv et al.l (|l992l ) obtained only a rough confirmation 
of it. Since then, to the best of our knowledge, no further 
and more accurate investigations on pulsations of the star 
have been reported in literature. 

In this paper we present the results of new careful spec- 
troscopic observations of 7 Boo performed on a baseline of 6 
nights at the INAF - Catania Astrophysical Observatory and 
compare them with theoretical predictions deduced from a 
grid of models of the star computed by including the effect of 
rotation on the stellar model structure and on global oscilla- 
tions. In Section 2 we describe the acquisition and reduction 
of the data. In Section 3 we discuss the procedures adopted 
to determine the atmospheric parameters of the star, neces- 
sary to construct realistic models of the star, and those to 
analyze the line-profile variability and present the results. 
Finally, in Section 4 we discuss the implications of our find- 
ing and draw some conclusion. 



Parallax 
V 

B-V 
U-B 

Spectral Type 
V sin i 



Mv 

Photometric frequency 
Spectroscopic frequency 



38.29 it 0.73 mas (Hipparcos Main Catalogue) 

3.04 

0.191 

0.120 

A7 III 

145 km/s (Auvergne et al. 1979) 
123 km/s (Erspame r fc North 2003) 
128 km/s (Rover et al. 20021 
115 km/s (Abt fc Morrell 1995) 
8000 K (Auvergne et al. 1979") 
7585 K (Erspamer fc North 2003) 
0.93 

0.25 d (Auvergne et al. 1979) 
0.0047 d (Kennellv et al. 1992) 



2 OBSERVATIONS AND DATA REDUCTION 

Time-resolved spectroscopy of 7 Boo was carried out during 
six consecutive nights, from June 21 to June 26 2005, by 
means of the REOSC echelle spectrograph operating with 
the 91 cm telescope of the INAF - Catania Astrophysical 
Observatory. 

The spectrograph is fiber-linked to the telescope 
through an UV-NIR type fiber of 100 fim core diameter. It is 
designed to work both at high resolution, in cross-dispersion 
mode, and at low resolution, in single-dispersion mode. The 
observations were performed in the cross-dispersion confi- 
guration making use of both gratings: the 300 grooves/mm 
echellette grating, blazed at 4.3 deg whose maximum ef- 
ficiency is about 80% at the blaze wavelength 5000 A, and 
the echelle grating with 79 grooves/mm blazed at 63.443 deg. 
Spectra were acquired through a thinned, back-illuminated 
(SITE) CCD with 1024 x 1024 pixels of 24 /xm size, whose 
typical readout noise is about 6.5 e~ and photon gain 
2.5ph/ADU. The resulting spectral range was approxi- 
mately from 4300 A to 6700A (19 orders). 

A total of 367 spectrograms, covering 33.5 hours of ob- 
servation (see Table [TJ , were obtained. The spectrograms 
were extracted from the CCD images and calibrated in wave- 
lengths by using the NOAO/IRAF package. In the spectral 
region covered by our observations, owing to the relatively 
high value of the projected rotational velocity, only the Till 
457I.917A line was found completely free from blends of ad- 
jacent features, thus suitable to allow a good normalization 
to the stellar continuum and a study of the line-profile vari- 
ability. In the spectral region of the selected line the result- 
ing reciprocal dispersion was 0.12 px mm~^ with an effective 
resolving power of R~ 16000, as deduced from the emission 
lines of the Th-Ar calibration lamp. The integration time for 
each exposure was set to 5 minutes with a resulting signal- 
to-noise ratio up to 200. This exposure time was optimized 
in such a way as to avoid phase-smearing effects. Finally, 
the spectra have been corrected in order to remove the ob- 
server's velocity variation due to the Earth's revolution and 
rotation, and the continuum in the proximity of the line was 
defined by a linear least-squares fit of two spectral windows 
selected on both red and blue sides of the line. 
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Figure 1. Observed spectral energy distribution (SED) built 
from various literature sources as described in the text. Thick 
line represents theoretical SED computed by ATLAS9 code for 
Tcff = 7600 K and logg = 3.70. 
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3 DATA PROCESSING 

3.1 Determination of the atmospheric parameters 
and abundance analysis 

The atmospheric structure of 7 Bootis has been studied 
by several authors in the last decades (see Table [2]). 
lAuvergne et all ^197^ ) found an effective temperature T^a = 
8000 K, a surface gravity logg — 3.8 and a projected rota- 
tional velocity tisini = 145km/s, values adopted later by 

iKennellv etal] ||199^. 

More recently, lErspamer fc Nortbl l|2003l ). based on 
Elodie spectrograms, derived for the star a slightly lower 
effective temperature T^g = 7585 K and values of surface 
gravity logg — 3.75, microturbulent velocity ^ — 3.1km/s 
and Dsini — 123km/s. The l ast value is a l so in g ood agree- 
ment with that reported by iRover et al. 

I l|2002l ). based on 

Aurelie spectrograms , who found vsini = 128km/s, while 
lAbt fc Moireiil |l995h derived from CCD Coude spectra a 
slightly lower value of 115km/s. 

To determine effective temperature and surface gravity 
for our star, we proceeded in two consecutive steps: (i) we 
derived atmospheric parameters by matching the observed 
flux distribution obtained by joining various data sources 
collected from the literature and (ii) we refined the values 
found in the previous step by modelling the observed 
line profile. 

In step (i), the observed fiux (see Fig.[T]) has been built using 
the following data: 

• lUE spectra processed with the NEWSIPS reduction 
method taken from INES Final Archive data. The data 
consist of two high-dispersion spectra (SWP44484RL and 
LWP25820RL), that we co-added manually for obtaining a 
unique spectrum covering the 1150-3350 A interval; 

• spectrophotometry in the range 3200-7900 A taken 
from lBurnashe^ (|l985f ): 

• UBV magnitudes from Ijohnson fc MorganI 1 19531): 

• JHK magnitudes from 2MASS survey I Skrutskie et al.l 
l2003h . 



Figure 2. Comparison between the observed and computed 
line profile. 



The resulting spe ctrum has b een de-reddened following 
the procedure bv iCardelli et all ([T989.) and then compared 
to a grid of t heoretical fiu xes computed by means of 
ATLAS9 code l|Kuruc j with convection turned on 

{l/H = 1.25). The colour excess, E(B-V), needed by the 
de-rcddcning procedure has been derived from E(b-y) = 
0.01 (Gr ay et a l. 2001) using the relation E(b-y) = 0.74 
E(B-V) (jCrawfordiil975l ). The starting values of T^s and 
log g hav e been obtai ned from t he St romgren photometry of 
7 Bootis (iHauck fc M crmilliodl ll998l ) according to the grid 
of lMoon fc Dworetskvi i 19851). The p hotom etric colours have 
been de-reddened with the iMoonI (| 19851 ) algorithm. From 
this calculation we found T^s = 7600 K and logg — 3.70. 
In step (ii), we compared the observed profile of the 
line with the synthetic one, minimizing the differences 
between them by using the x'^-criterion to evaluate the 
goodness-of-fit. Errors were estimated as the variation in 
the parameters which increases the by a unit. The ob- 
served spectrum we use from here on is the average of all 
the collected data. The final S/N ranges between 230 and 
360. 

By adopting the iterative procedure described in 
ICatanzaro et al.l (|2004| ). which takes into account also metal 
abundances, and by using as input data the values derived in 
step (i), we obtained the final values: Toff = 7600±150 K and 
log <; = 3.75 ± 0.05, which are in good a greement with those 
obtained by lErspamer fc NorthI l|2003l ). With these values 
we then computed the synt hetic profile shown in Fig. [5] 
by means of the SYNTHE (|Kurucz fc AvrettI Il98ll ) spec- 
tral synthesis code for a LTE atmospheric model with so- 
lar metallicity (Opacity Distributi on Function O DF = [0.0]) 
calculated by using the ATLAS9 (|Kurucj|l993l ) stellar at- 
mosphere program. 

The projected rotational velocity has been previously 
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Table 3. Basic parameters of 7Bootis as derived by the present 
analysis 



i;sini 115it2km/s 
Teff 7600 ± 150 K 
logg 3.75 ±0.05 



Table 4. Abundances of chemical elements derived for 7Bootis 
with respect to their abundances in the solar atmosphere 
llGrevesse fc SauvallflQiil ) expressed as [X/H] = \og{Nx/Nu)* - 
log(A'x/AfH)0 ■ For com parison we report the abu ndances deter- 
minated for 7 Bootis bv lErspamer fc NorthI ||2003| '). 



EI This study E&N (2003) 



estimated by a non-linear least-squares fit of a rotation- 
ally broadened Gaussian profile to the average line profile 
of the Till A4571.917A. The derived value of 115 ± 2km/s 
is in excelle n t agre emen t with those pr e vious ly derived by 
iRover et all (|20CI2| ) and lAbt fc Morrelil (|l995l ). The calcu- 
lated values of Tefi, logg, vsini are listed in Table [S] 

In order to calculate the atmospheric element abun- 
dances of 7 Boo we computed the synthetic spectrum of 
the star in the whole observed spectral region by assum- 
ing the above derived value s of Teg, logg, vsini and the 
microturbulent velocity^ by lErspamer fc NorthI (120031 ) . We 
used ATLAS9 (|Kurucj|l99a ) in or der to compute the LTE 
atmospheric model and SYNTHE (|Kurucz fc Avrett|[l98ll ) 
program in order to identify the observed spectral lines 
and derive its chemical abundances. The LINUX version 
of bo th codes are those implemented by ISbordone et al.l 
l|2004[ ). The values of the oscillator stren gths log.gi/ for 
each spectral line are those published by Kurucz fc Bell 



1995 ) and the subsequent upgrading bv lCastelli fc Hubrig 
200J). The derived abundances in terms of solar abun- 
dances [X/H] = \ og(Nji/Nii)i, — log( j yx/A^H )a, assuming 
the solar values bv iGrevesse fc Sauvall l| 19981 ). are reported 
in Table |4| For comparison we repor t also the abundances 
derived by lErstaamer fc NorthI (|2003l ) . The deduced uncer- 
tainties are typically of the order of 0.1 dex. 

As a general result we obtained for 7 Bootis chem- 
ical abundances quite close to the solar values at least 
up to Ni (Z=28), a common f eature in the abundanc e 
pattern of many ^ Scuti stars (jYushchenko et ahl l2005h . 
lErspamer fc NorthI (|2003l ) stated that in the range of Teg 
and \ogg they have considered, errors on abundances are 
typically less than 0.15 dex. This results allow us to con- 
clude that abundances derived in our study, and reported in 
Table m are compatible with their values, the discrepancies 
being always consistent with experimental errors. 

3.2 Line-profile variations 

As mentioned in Section 2, owing to the relatively high rota- 
tional velocity of the star, the only spectral line completely 
free from line-blend contamination, and therefore suitable 
for a study of line-profile variability, was the Till 4571. 917A 
line. 

The Fourier analysis of the Tin 4571. 917A fine-profile 
variations was performed by ado pting the so-called pixel- by- 
pixel method l|Mantegazzal 200"ol ). based on the fact that the 
flux measured at each wavelength bin across a line profile 
fluctuates with the same period as a wave propagating in 
the photosphere of the star. Therefore from the whole set 
of 367 residual spectrograms we extracted 40 time series (as 
many as the pixels sampling the Till 4571. 917A line profile) 
consisting of the measured fiuxes at each wavelength across 
the line profile as a function of time. The Fourier transform 
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of the resulting time strings was performed by adopting the 
generalized version of th e least-squares multiple sinus oid fit 
with known constit uents (Mantcg azza fc Porettil ll995') , orig- 
inally developed bv lVanicek (1971i) . A "global" least-squares 
spectrum, which contains the contribution to the variability 
coming - on the whole - from the full set of the time series 
(i.e. from the whole line profile), is computed iteratively ev- 
ery time a "known periodic constituent" has already been 
detected and a new n + 1 periodic term is searched for. A si- 
multaneous least-squares fit of n -f 1 sinusoids is performed 
exploring the entire domain of trial frequencies Vi, and a 
power spectrum is generated by defining the global reduc- 
tion factor: 

RF^ = 1 - ^ifi(p>j(ife) - Pij,tk)f/an 

where Pij{tk) is the multi-sinusoidal function adopted to fit 
the j-th time series, P{j,tk), sampled at time tk, cr„ is the 
global residual variance after the fit of the line-profile vari- 
ations with the n known constituents, and Wk are the nor- 
malized weights derived from the S/N ratio of the spectro- 
grams. The frequency z/^ corresponding to the highest value 
of RF is then selected as the (n -I- l)-th known constituent 
and the procedure is iterated again until when no dominant 
peaks appear in the last power spectrum. The technique 
does not rely on pre- whitening of the data, and amplitudes 
and phases of the known constituents are recomputed, to- 
gether with their formal errors, each time a new periodic 
component has been detected. A more detailed description o f 
this ap proach can b e foun d in iMantegazza fc PorettJ (| 19991 ) 
and in iMantegazzal (|2000l ) . On adopting the procedure de- 
scribed above, we computed the least-squares global power 
spectrum by scanning the whole frequency range from up 
to the Nyquist frequency, which is around 140 c/d, with a 
spacing of 0.04 c/d. However, all the power spectra reported 
here have been truncated at 40 c/d since all the significant 
power appears at frequency well below 30 c/d. The total 
length of the data set is such that the HWHM of the main 
power peak in the window function is 0.095 c/d. 

Fig. [3] reports both the least-squares pixel-by-pixel 
power spectra without known constituents, which describes 
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Figure 3. Pixel-by-pixel least-squares analysis of the variability of the Till 4571. 917A line profile. Top-left panel: average profile. Top-right 
panel: pixel-by-pixel least-squares power spectra without known constituents, describing the evolution of the Till 4571. 917A line-profile 
variability as a function of the wavelength bin across the line profile. Bottom panel: global least-squares power spectrum without known 
constituents. The inset shows the amplitude spectrum of the window function. 



the evolution of the variability across the line profile, and the 
corresponding global spectrum. It is evident in both of them 
the presence of a prominent periodicity centred at 21.28 c/d, 
also reported by iKennellv et al.l (|l992l ) in their analysis of 
line-profile variability. A very sharp thread of power corre- 
sponding to this frequency extends all over the core of the 
line profile and beyond, and covers about the 55% of the 
whole profile. Quite strong daily aliases of the central peak, 
produced by the limited single-site temporal sampling (see 
the spectral window in the inset of the figure) distributed 
over 6 consecutive nights, fiank the true frequency. Signifi- 
cant concentrations of power are also present around 12 c/d 
and 5 c/d. Their distribution across the line profile is dis- 
continuous, but patches of power corresponding to these pe- 
riodicities are present all across the line profile and extend 
even towards the line wings. 

The extraction of frequencies from the iterative least- 
squares fitting procedure was performed paying particular 
attention to the possibility that the strong daily aliases pro- 
duced by the single-site sampling of our data, and the limited 
frequency resolution resulting from the observing baseline, 
can lead to a wrong identification of the true frequencies. 



We computed spectra with an increasing number of known 
constituents and with various possible combinations of fre- 
quencies considering not only the highest peaks (which in- 
deed could be the aliases of the true frequencies) but also 
contiguou s features at ± 1 c/ d , follo wing the procedure sug- 
gested by iMantegazza et all l| 19951 ). The least-squares fit- 
ting procedure described above allowed us to extract iter- 
atively the following independent frequencies, reported in 
order of detection: 21.28 c/d, 5.06 c/d 12.02 c/d, 18.09 c/d, 
and 11.70 c/d. It is worth noting that the second frequency 
extracted is very close to the frequency of th e mode photo- 
metrically detected bv lAuvergne et all (| 19791 ). 

Fig. |4] shows the pixel-by-pixel power spectra and the 
corresponding global least-squares spectrum obtained at the 
end of the iterative procedure when all the known con- 
stituents have been removed from the data. Most part of 
the signal disappeared, but weak residual peaks at low fre- 
quencies are still present. A further iterative step of com- 
putation, however, did not allow us to identify firmly any 
additional periodic component. This is probably due to the 
limited data window of our data set. More observations on 
a longer baseline might contribute to clarify this point. 
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Figure 4. Pixel-by-pixcl least-squares power spectra and global least-squares power spectrum obtained after all the known constituents 
have been removed from the data. In the upper panel the noise appears to be increased with respect to Fig. \3\ because each panel has 
been normalized to its maximum value. 



In order to investigate further the reliability of the 5- 
frequencies least-squares fit solution, we divided the data 
set in two subsets 3 nights long (see Table [l]), and analysed 
them separately, with the aim of verifying if the same fre- 
quencies occur in both subsets. The power spectra without 
known constituents computed for the two subsets are shown 
in Fig. [S] they appear quite noisy, as expected, but the same 
three power concentrations detected in the whole data set 
spectrum are stil present in both subsets. The frequency 
resolutions of the two subsets are 0.22 and 0.23 c/d, respec- 
tively, to be compared with the 0.095 c/d for the complete 
data set. 

Though the separation of data into two subsets is in 
principle essential for determining the reliability of the iden- 
tified frequencies, since in our case the data sampling in each 
subset is poor, only the gross features can be taken into 
consideration. From an analysis of the power spectra of the 
two subsets it appears that the main frequency at 21.28 c/d 
is present in both the subsets (with the aliases at the fre- 
quencies of 20.21 c/d and 22.30 c/d), as well as the one 
at 5.08 c/d (with the aliases at the frequencies of 5.00 c/d 
and 7.08 c/d), and probably the one at 12.02 c/d (but not 
present in the first subset); the frequencies at 11.70 c/d and 



18.09 c/d appear only when the whole set of data is consid- 
ered. From this analysis we can conclude that: i) the main 
frequency at 21.28 c/d is almost certainly present, but from 
the present data alone it cannot be ruled out that the true 
frequency might actually be 20.28 c/d or 22.28 c/d; ii) the 
frequency at 5.06 c/d is probably present, but the true fre- 
quency might well be 4.06 c/d or 6.06 c/d; iii) the frequency 
at 12.02 c/d might be present, but certainly not secure; iv) 
the frequencies at 11.70 c/d and 18.09 c/d are uncertain. 



Although the spectral resolution of our data does not 
allow any rigourous mode identification, some useful clues 
for a very broad characterization of the detected frequen- 
cies can be derived from the analysis of the phase behaviour 
across the line profile for each solution of the final multiple- 
sinusoidal fit. Actually it is well known that the phase di- 
agrams give a full and independent representation of the 
line-profile variability caused by each individual pulsation 
mode and are considere d useful tools for characteri zing the 
detected variability fsee iTelting fc Schriiverj ()l997l )). Only 
the phase diagrams referring to the components at 21.28 c/d, 
18.09 c/d and 11.70 c/d show a clear signature (see Fig. |6]), 
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1 20 30 

Frequency [c/d] 

Figure 5. Global least-squares power spectra without known 
constituents for the first (upper panel) and second subset (lower 
panel). 



Table 5. Observed oscillation frequencies and the present tenta- 
tive at mode identification (see Section 3). 



FVeq. (c/d) 


I 


m 


21.28 


^ 10 


10, 11, 12 


18.09 


^8 


8, 9, 10 


12.02 


? 


7 


11.70 


^4 


-4 ^ m ^ -1 


5.06 


^4 


— 4 ^ m ^ 4 



while those of the components at 5.06 c/d and 12.02 c/d are 
quite uncertain and do not supply any useful discriminant. 
In Fig. [6] the wavelengths of the line profile have been con- 
verted into Doppler velocities assuming zero velocity at the 
centre of the line. The error bars correspond to the formal er- 
rors derived from the least-squares fit. The phase diagrams 
of both the main component at frequency 21.28 c/d and 
the component at 18.09 c/d show the typical behaviour of 
high-azimuthal order retrograde modes, i.e. their phase in- 
creases in the same direction of the stellar rotation, namely 
with the wavelength. According to the commonly adopted 
expression exp[i{m(f> + 2-Kvt)], which describes the time and 
longitude dependence of a pulsation at frequency v, it fol- 
lows that both the cited modes are characterized by pos- 
itive m-values. The number of phase-lines in both the di- 
agrams indicates that the azimuthal order should be quite 
high for both terms. In order to get a quantitative estimate 
of the m-value for both modes we measured the shift in ve- 
locity Sv between the two central phase-lines measured at 
the centre of the line profile and deduced the separation 
Sep in longitude between the two equiphasic points from the 
relation: 5(j> = 2arcsin((Su/(2ue)), where Uc is the equato- 
rial rotation velocity, assuming for simplicity an equator-on 
view of the star {i = 90°). Since |m| — 360/S(j), we ob- 
tained \m\ = 11.47 ± 0.7 for the component at 21.28 c/d 
and |m| = 9.16 ± 0.7 for the mode at 18.09 c/d. The de- 
rived |m|-value for the component at 21.28 c/d is in excel- 
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Figure 6. Behaviour of amplitutes (loft panels) and the phases 
(right panels) across the profile of the Till 4571. 917A line of the 
periodic components 21.28, 18.09 and 11.70 c/d detected in the 
line-profile variation analysis. Wavelengths along the line profile 
have been converted into Doppler velocities relative to the line 
centre. The bars are the formal errors as derived by the global 
least-squares simultaneous fit. The frequency in c/d of each com- 
ponent is reported at the top of each panel. 



lent agreement with that reported bv lKennellv et all l|l992l ). 
If we assume again an equator-on geometry, the probability 
to be detected is higher for sectorial modes {I = |m|) since 
they are mainly focused at the equator of the star. In this 
hypothesis the two components at 21.28 c/d and 18.09 c/d 
should he I = m — 11 and I — m = 9 retrograde modes, re- 
spectively. Other interpretations are obviously possible since 
it has been demonstrated that tesseral modes with I — \m\ 
small, observed at an inclination angle of about 50 degrees, 
might produce similar m oving patterns as sect orial modes 
observed equator-on (i.e. ISchriivers et al.lll997h . The pres- 
ence of retrograde modes in 5 Scuti stars, thou gh much less 
frequent than prograde ones, is n ot uncommon ijMantegazzal 
l2000l . lMantegazza et all200ll and lKennellv et al.l[l998l l The 
phase diagram relevant to the term at frequency 11.70 c/d 
appears compatible with a low-degree prograde m < 0) 
mode. 

In order to catch additional information on the na- 
ture of the detected periodicites, we computed the equiv- 
alent width and the first three moments (which describe the 
centre-of-mass velocity of the line, the line width, and the 
line skewness, respectively) of the Tin 4571. 917A line pro- 
file j_as_a^Jim£tion o£^ fo llowing the presc r iption s given 
by iBalona et all l|l996l ) and ISchriivers et al.l (Il997l ). Since 
the moments are quantities integrated over the whole line 
profile they are expected to be essentially sensitive to low- 
degree modes {I ^ 4). We then analyzed the resulting time 
series by adopting the software package for Fourier analy- 
sis and least-squares multiple-sinusoids fitting, PERIOD04 
(ILenz fc Bregerll2005l ) to search for periodicities. Useful re- 
sults have been obtained only from the zero, second and 
third moments (see Fig. [7|, while the periodogram of the 
first moment is quite noisy. 

The periodogram of the equivalent width of the line, 
shows a concentration of power around the frequency 
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Figure 7. Power spectra of the moments of zero (upper panel), 
second (middle panel) and third order (bottom panel) obtained 
by the software package PERIOD04. 

6.05 c/d which could be the 1 c/d alias of the frequency 

5.06 c/d, detected also in the line-profile variations and prob- 
ably corresponding to the dominant photometric mode. The 
second-order moment variability is characterized by two sig- 
nificant components at 10.69 c/d and 3.01 c/d, respectively. 
The former of the two frequencies, which appears to be 
slightly favoured by the analysis compared with the adja- 
cent peak at 11.69 c/d, could actually be the one-day alias 
of the term at 11.70 c/d, also detected in the line-profile 
variation analysis. The periodogram of the third moment 
shows a clump of power in the frequency range 5 — 20 c/d 
with a significant feature present at 11.69 c/d. Other signifi- 
cant terms peak at 10.97 c/d, 17.43 c/d, and 5.08 c/d. Once 
again the last value appears to be consistent with the re- 
sult of the pixel-by-pixel line-profile variation analysis which 
gives 5.06 c/d. The presence of the components at 5.06 c/d 
and 11.70 c/d in the variability of the first three moments 
might support their identification in terms of low / (^ 4) 
modes. Moreover, the simultaneous presence of the term at 
11.69 c/d in the power spectra of both the second and third 
moments might allow us to rule out the possibility tha t the 
mode might be axisymmetric (m = 0) (iBalonal Il986l ). As 
may be expected for high-degree pulsation modes, in the 
Fourier analysis of the moments there is no trace of neither 
the components at 21.28 c/d nor at 18.09 c/d, detected in 
the line-profile variation analysis and interpreted as high- 
azimuthal-order retrograde modes. 

A summary of the results obtained is given in Table [6] 
in which oscillation frequencies, tentative harmonic degree 
I, and azimuthal order m of the detected modes are listed. 



4 CONCLUSION 

The new spectroscopic data of 7 Bootis presented here con- 
firm the early detect ion of the main pulsat ion component at 
21.28 c/d found bv lKennellv et al.l (|l992l ). Additional fre- 
quencies were detected at 18.09 c/d, 12.02 c/d, 11.70 c/d 
and 5.06 c/d. The analysis of the phase diagrams relevant 



Table 6. Observed oscillation frequencies and the present tenta- 
tive at mode identification (see Section 3). 



Preq. (c/d) 


I 


m 


21.28 


^ 10 


10, 11, 12 


18.09 


^ 8 


8, 9, 10 


12.02 


? 


? 


11.70 




-4 < m ^ -1 


5.06 


s:4 


— 4 ^ m < 4 



to each component supplied useful hints for characteriz- 
ing the detected variability. In particular, the two terms at 
21.28 c/d and 18.09 c/d appear to be high-azimuthal order 
retrograde modes. In the hypothesis of an equator-on view 
of the star we suggest a tentative interpretation in terms 
of sectorial modes for both of them with m — I = 11 and 
m = I = 9, respectively. The identification proposed for the 
main component is in general good ag r eemen t with the con- 
clusion of the work bv lKennellv et al] l| 19921 ). Moreover, the 
component at 11.70 c/d is probably a low-l prograde mode. 
The frequency analysis of the first three moments seems to 
confirm this interpretation and supplies a constraint on m, 
suggesting that the mode is not axisymmetric. The phase di- 
agrams of the two additional terms at 5.06 c/d and 12.02 c/d 
are quite uncertain and do not supply any useful discrimi- 
nant. 

The results obtained strongly encourage the planning of 
new observations with a higher S/N ratio and spectral reso- 
lution in order to get an unambiguous discrimination among 
the possible identifications of the modes by performing a di- 
rect fitting of the line-profile variations to pulsational mod- 
els. Simultaneous photometric observations could also allow 
to model at the same time the fiux variations in the line 
profiles. 

Preliminary calculations of evolutionary models of 
7 Bootis constrained within the uncertainties of the present 
parameter determinations indicate that this star has a mass 
of about 2M0 and an age of about 0.9Gyr, an immediate 
post-main sequence sub-giant star. 
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